This study presents a novel integrated guidance and control method for near space interceptor, considering the coupling among different channels of the missile dynamics, which makes the most of the overall performance of guidance and control system. Initially, three-dimensional integrated guidance and control model is employed by combining the interceptor-target relative motion model with the nonlinear dynamics of the interceptor, which establishes a direct relationship between the interceptor-target relative motion and the deflections of aerodynamic fins. Subsequently, regarding the acceleration of the target as bounded uncertainty of the system, an integrated guidance and control algorithm is designed based on robust adaptive backstepping method, with the upper bound of the uncertainties unknown. Moreover, a nonlinear tracking differentiator is introduced to reduce the "compute explosion" caused by backstepping method. It is proved that tracking errors of the state and the upper bound of the uncertainties converge to the neighborhoods of the origin exponentially. Finally, simulations results show that, compared to the conventional guidance and control design, the algorithm proposed in this paper has greater advantages in miss distance, required normal overload, and flight stability, especially when attacking high-maneuvering targets.
Introduction
The guidance and the control systems of interceptors are complicated because they are nonlinear and coupled with each other. On the one hand, the guidance system guides the interceptor to the target, during which the variation of trajectory parameters intensifies the uncertainty of the attitude model and brings a burden to the control of attitude. On the other hand, the control system adjusts the attitude in order to track the guidance command, during which the action of the actuators exerts influence on the trajectory and the autopilot lag reduces the performance of the guidance system. Conventionally, guidance and control systems are designed separately, which is proved efficient and convenient merely for the interception of nonmaneuvering target. However, the conventional design approach does not make full use of the coupling between guidance and control and hence has great limitations in improving the overall performance of the interceptor. For the near space interceptor, especially when attacking high-maneuvering target, the coupling between guidance and control is significant while the conventional design method may result in deterioration of the overall performance, sometimes even failure of the interception. Therefore, the study of integrated guidance and control, which makes full use of the coupling between the guidance and the control, is of great significance for better overall performance of the interceptor and higher accuracy for near space interception.
Integrated guidance and control design can be mainly classified into two categories: the partial one and the complete one. Partial integrated guidance and control is that the guidance law is designed accounting for autopilot dynamics, by which the negative influence of autopilot lag is compensated. In [1] [2] [3] , guidance laws are studied for the near space interception of maneuvering target, in which the autopilot is approximated as first-order dynamics. Actually, the autopilot 2 International Journal of Aerospace Engineering is of high-order dynamics. As an improvement, guidance laws in [4] [5] [6] are designed accounting for the autopilot as secondorder dynamics. In [7] [8] [9] , finite-time convergence guidance laws in the presence of autopilot lag are studied, which guarantee that the line-of-sight angular rate converges to zero in finite time. For better attack performance, guidance laws with impact angle constraints and autopilot dynamics compensation are designed in [10] [11] [12] . Compared to conventional design approach, partial integrated guidance and control can improve the overall performance of the system to some extent, in which the coupling between guidance and control is approximately considered. However, partial integrated guidance and control still keeps the outline of conventional design scheme, that is, the outer guidance loop and inner control loop, which has some limitations in improving the overall performance. On the one hand, the coupling between guidance and control is normally approximated as the firstorder dynamics or the second-order one, both of which cannot represent the actual coupling. On the other hand, all the couplings are regarded as disturbances to compensate, resulting in the underutilization of conductive couplings.
Complete integrated guidance and control is that the guidance and control is designed as a whole and the control command is produced directly according to the interceptortarget relative motion, which breaks through the outline of conventional design scheme entirely. Complete integrated guidance and control has great advantage in making full use of the coupling between guidance and control and improving the overall performance of the system, which is the trend of the guidance and control design. For convenience, most of the complete integrated guidance and control are studied in two-dimensional space [13] [14] [15] [16] [17] [18] [19] . Actually, all the near space interceptions are conducted in three-dimensional space, so achievements of two-dimensional integrated guidance and control cannot be applied in three-dimensional interception directly. By viewing the coupling among the pitch, yaw, and roll channels as external disturbances, three-channel independent integrated guidance and control are studied in [20] [21] [22] [23] , assumption of which is that the movement of yaw and roll channels is in a small range. When attacking high-maneuvering target, however, this assumption cannot be satisfied, which limits the application of three-channel independent integrated guidance and control. To realize three-channel coupling integrated guidance and control for interception of maneuvering target, three-dimensional integrated guidance and control model of strict feedback cascade is established in [24] [25] [26] , based on which integrated guidance and control algorithms are designed using dynamic surface control. Meanwhile, robust functions [24, 25] or extended state observer [26] are introduced to compensate for the disturbances. In [27] , three-dimensional full states coupling integrated guidance and control model is established and 1 adaptive integrated guidance and control algorithm is designed. But the resulting control algorithm is relatively complicated and hard to be realized in engineering.
Based on the idea of complete integrated guidance and control, a novel integrated guidance and control considering the coupling among three channels is proposed in this paper, aiming at three-dimensional near space interception
of maneuvering target. Firstly, considering the coupling among the pitch, yaw, and roll channels, three-dimensional integrated guidance and control model is built, which establishes the direct relationship between the interceptortarget relative motion and the deflections of aerodynamic fins. Secondly, regarding the acceleration of the target as bounded uncertainty of the system, an integrated guidance and control algorithm is designed based on robust adaptive backstepping method, with no information of the upper bound of the uncertainties. Thirdly, a nonlinear tracking differentiator is introduced to reduce the "compute explosion" caused by backstepping method. It is proved that tracking errors of the state and the unknown parameters converge to the neighborhoods of the origin exponentially. Finally, simulation and comparison are conducted between the proposed integrated guidance and control method and the conventional guidance and control design. Simulation results show that the proposed algorithm in this paper has greater advantages in miss distance, required normal overload, and flight stability, especially when attacking the highmaneuvering target.
Integrated Guidance and Control Model
The interceptor-target engagement geometry in threedimensional space is shown in Figure 1 , where and are, respectively, the inertial and line-of-sight coordinate systems; V V V and are, respectively, the velocity and half velocity coordinate systems; and represent the centroid of the interceptor and target, respectively. Supposing that skid-to-turn (STT) control scheme is adopted in the flight of interceptor, the velocity coordinate system coincides with half velocity coordinate system. According to the above definitions, integrated guidance and control model for near space interceptor in three-dimensional space can be described as the following form [24] 
, and g 2 are as follows:
22
= sin cos sin cos + cos cos + sin sin sin sin , 23 = − sin sin cos + cos sin sin , 32 = − sin cos sin + sin sin cos ,
From the integrated guidance and control model of (1), we can see that the direct relationship between the interceptortarget relative motion and the deflections of aerodynamic fins is built, in which the coupling among the pitch, yaw, and roll channels is considered sufficiently. What is more, the state variables of (1) are of cascaded feedback form. That is,
Integrated Guidance and Control Algorithm

Robust Adaptive Backstepping
Controller. Before the controller design process, some assumptions are made as follows. Design objective of integrated guidance and control is selected to be zero line-of-sight angular rate. What is more, roll angle of STT interceptor should be kept zero during the whole flight. That is,
Based on robust adaptive backstepping approach, integrated guidance and control algorithm can be designed as follows.
Step 1. The tracking error of state x 0 is defined as
and the derivative of z 0 with respect to time is given bẏ
According to exponential approaching law, the virtual control x * 1 is constructed as the following form:
where k 0 = diag([ 01 02 ]) is the gain matrix with symmetric positive definite form; 0 is the robust function introduced to compensate for the uncertainty Δ 0 , which is given by [28] 
where 0 is the gain parameter;̂0 is the approximation of the unknown positive constant 0 , which can be designed by the 4 International Journal of Aerospace Engineering following adaptive algorithm:
where 0 , 0 , and 0 0 are positive design parameters.
Step 2. Let
. The tracking error of state x 1 is defined as
and the derivative of z 1 with respect to time is given bẏ
The virtual control x 2 is constructed as the following form:
where k 1 = diag([ 11 12 13 ] ) is the gain matrix with symmetric positive definite form; [z 0 g 0 (x 0 ) 0] is introduced to compensate for the coupling between z 1 and z 0 ; 1 is the robust function compensating for the uncertainty Δ 1 , which is given by
where 1 , 1 , 1 , and 0 1 are positive design parameters.
Step 3. The tracking error of state x 2 is defined as
and the derivative of z 2 with respect to time is given bẏ
The real control u is constructed as the following form:
where k 2 = diag([ 21 22 23 ] ) is the gain matrix with symmetric positive definite form; g 1 (x 1 )z 1 is introduced to compensate for the coupling between z 2 and z 1 ; 2 is the robust function compensating for the uncertainty Δ 2 , which is given by
where 2 , 2 , 2 , and 0 2 are positive design parameters.
Nonlinear Tracking Differentiator.
It should be emphasized that, as a common drawback of classical backstepping method, the derivative of the virtual control (e.g.,ẋ 1 anḋ x 2 ) is computationally complex, which intensifies the "computer explosion" of backstepping method. To overcome such drawback, a nonlinear tracking differentiator is introduced, by which the derivative of the virtual control can be well approximated. The discrete form of the nonlinear tracking differentiator is as follows [29] :
where ]( ) is the input;] 1 ( ) is the approximation of ]( ); ] 2 ( ) is the approximation of the derivative of ]( ); ℎ is the sampling step; is the gain parameter that determines the speed of tracking; fst(⋅) is the time-optimal control synthesis function, which is given by
Using the nonlinear tracking differentiator of (18) To analyze the performance of this differentiator, a numerical simulation is conducted, in which the gain parameter and sampling step are set as = 100 and ℎ = 0.02 s. The tracking results of sinusoidal input ] = sin( ) and its derivative are presented in Figure 2 , from which we can see that the differentiator is of high speed and accuracy in the approximation of the input and its derivatives.
Stability Analysis. Define the candidate Lyapunov function as
wherẽare the tracking errors of ; that is,
Under Assumption 2, are constants; then the derivatives of satisfẏ=̇,
Differentiating (20) with respect to time, we havė
Define the tracking error of x * 1 as
Then, we get
Substituting (7) and (22) into (25), we have
Since 
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Similarly, we get
It is easy to verify that
Substituting (28)- (29) into (23), we havė
Furthermore, we geṫ
where
Hence, we have
Consequently, the following conclusions can be obtained.
(1) For arbitrary > 0, by choosing proper gain parameters k , , and , the state tracking errors (e.g., z 0 , z 1 , and z 2 ) and the unknown parameter tracking errors (e.g.,̃0,̃1, and̃2) can converge to the neighborhoods of the origin exponentially; that is,
The rate and domain of convergence can be regulated by adjusting the values of k , , , and . What is more, the algorithm is designed with no information of the upper bound of the uncertainties, which is easier to realize.
Simulation and Analysis
Simulation Conditions.
To verify the performance of proposed integrated guidance and control algorithm, numerical simulation is conducted for three-dimensional near space interception. The initial position and velocity vectors of the interceptor with respect to inertial coordinate system are set as 
(2) The proportional navigation guidance law combined with PID control law is denoted by PN+PID. Using PN law, we can get the commanding normal overload with respect to half velocity coordinate system; that is [30] ,
where the gain parameter is set as = 6.
The PID law is used to track the commanding normal overload, which is given by the following [30] : 
where the gain parameters are set as = 4, = 2, = 0.02, 0 = 10, 1 = 1.0, and = 0.0015. Furthermore, we can get the commanding angle of attack and sideslip, that is, and . The ADRC law is used to track the guidance command, which is given by the following [29] :
z 12 = − 12 fal (e 10 , 10 , 10 ) , Scenario 1 (nonmaneuvering target). Suppose that the target does not maneuver; the mean miss distance and interception time of the three schemes resulting from Monte-Carlo runs are summarized in Table 1 The mean miss distance and interception time of the three schemes resulting from Monte-Carlo runs are summarized in Table 2 . Simulation results of the three schemes are presented in Simulation results above indicate that, comparing to conventional design methods, the integrated guidance and control algorithm is more effective with the following advantages:
(1) less miss distance and interception time, which is not obvious when attacking nonmaneuvering target while it is rather remarkable when attacking maneuvering target; (3) higher flight stability, with the attack angle, sideslip angle, roll angle, rotational angular velocity, and deflection of aerodynamic fins remaining stable during the whole flight, while those of conventional design schemes tend to diverge when the interceptor approaches the target. 
Conclusion
Aiming at three-dimensional near space interception of maneuvering target, a novel integrated guidance and control method considering the coupling among three channels is proposed in this paper. Firstly, considering the coupling among the pitch, yaw, and roll channels, three-dimensional integrated guidance and control model is employed by combining the interceptor-target relative motion model with the nonlinear dynamics of the interceptor, in which the direct relationship between the interceptor-target relative motion and the deflections of aerodynamic fins is established. Secondly, regarding the acceleration of the target as bounded uncertainty of the system, an integrated guidance and control algorithm is designed based on robust adaptive backstepping method, with the upper bound of the uncertainties unknown. Moreover, a nonlinear tracking differentiator is introduced to reduce the "compute explosion" caused by backstepping method. It is proved that tracking errors of the state and the upper bound of the uncertainties converge to the neighborhoods of the origin exponentially. Finally, simulation and comparison are carried out under three guidance and control schemes. In contrast to conventional design methods, the integrated guidance and control algorithm leads to higher flight stability, less miss distance, and required normal overload, especially when attacking the high-maneuvering target. 
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